HPLC enantioseparation of chiral monoterpenes was studied using amylose (AD-H), cellulose (OD-H) and ␤-cyclodextrin (CD-Ph), phenyl carbamate derivatives as chiral stationary phases (CSPs). The contributions of various functional groups of the chiral monoterpenes in capacity factor (k), separation factor (␣) and resolution factor (Rs) were investigated. AD-H column clearly showed the chiral recognition in 7 chemicals from a total of 9 analytes and especially for linalool, while the CD-Ph column could achieve efficient enantioseparation on carvone. The enantioseparation mechanism between the analytes and the CSPs is discussed. Chiral HPLC system coupled with ORD detector could be applied to isolate and directly determine the configuration of (3S)-(+)-linalool, which is not commercially available. Moreover, 100% enantiomeric excess of the isolated (3S)-(+)-linalool was observed from the SPME-GCMS result. Additionally, enantioseparation of (3S)-(+)-linalool by preparative HPLC system offered a 500-fold higher sample loading capacity than that of GC.
The chiral discrimination of monoterpenes has been recognized as one of the most important analytical techniques in flavor chemistry and also pharmacology because the optically active stereoisomers have different sensory qualities, odor threshold and biological activities (Boelens & Germert, 1993; Hohl, 1996; Karlson et al., 1996; Padrayuttawat et al., 1997; Aggarwal et al., 2002) . Furthermore, the differentiation of chiral monoterpenes has been applied to control the authenticity of essential oils that are widely used as flavoring in food industrials such as cake, ice cream, and beverages (Mosandl, 1995; Bicchi et al., 1999) . Most enantioseparation of monoterpenes has been popular performed with chiral GC analysis (König, 1992; Mosandl, 1995; Padrayuttawat et al., 1997; Schurig, 2001) . Few research groups (Armstrong & Zukowski, 1994) have reported on the enantioseparation with a chiral HPLC column and those few focused only on the three hydrocarbon monoterpenes (camphene, ␣-and ␤-pinene). Analysis has not spread to other functional groups, and experiments have used only one kind of chiral stationary phase (CSP). Hence, information on the enantioseparation of monoterpenes via chiral HPLC columns is still scarce.
HPLC offers popular techniques for separation and quantification of enantiomers because of the progressive improvement in CSPs of chiral columns (Arai, 1998; Zipper et al., 1999; Maier et al., 2001) , and also in the chiral detectors such as optical rotatory dispersion (ORD) and circular dichroism (CD). Determination in absolute configurations of chiral compounds by gas chromatography requires the co-injection of the reference compound with known stereochemistry. An HPLC system equipped with a chiral detector, on the other hand, allows determination of the absolute configuration of chiral compounds directly. ␤-Cyclodextrin is a 7-membered ring of (1-4) linked ␣-glucopyranosyl units whereas amylose and cellulose are the polysaccharides composed of glucose units connected by 1,4-␣-glucopyranosyl and 1,4-␤-glucopyranosyl linkages, respectively. The molecular size and the chemical structure of amylose, cellulose and ␤-cyclodextrin are quite different. They can be converted to various derivatives such as acylate, carbamate, phenyl carbamate (Hargitai et al., 1993; Okamoto & Kaida, 1994; Aboul-Enein et al., 2000) . Amylose-, cellulose-and ␤-cyclodextrin-phenyl carbamate derivatives have been widely applied to resolve the enantiomers of a large number of racemates by chiral HPLC analysis (Hargitai et al., 1993; Wang & Chen, 1999; Aboul-Enein & Ali, 2002; Motoyama et al., 2002) . The combination of these versatile chiral HPLC columns and chiral detectors (ORD and CD) can be used to analyze/isolate many novel enantiomeric compounds (Aboul-Enein et al., 2000; Feng & May, 2001) . Recently, isolation on a milligram or gram level has been developed for pure enantiomeric compounds using the simulated moving bed (SMB) technique (Jupke et al., 2002) . Additionally, the enantioseparation cost of SMB and conventional batch separation depends largely on the cost of the mobile phase (Pynnonen, 1998 , Jupke et al., 2002 . A polar mobile phase of methanol-water or ethanol-water has been widely thought to be the most economical way for preparative enantioseparation under the reverse phase mode. McCarthy (1994), Kummer et al. (1996) and Ning (1998) demonstrated that the eluent of the chiralpak AD column (CSP in this study) could be converted from the originally designed normal phase to re-*To whom correspondence should be addressed. Email: tamura@mail.ag. kagawa-u.ac.jp Abbreviations: ORD, Optical rotatory dispersion; CD-Ph, Chiral CD-Ph column; CSP, Chiral stationary phase; SPME, Solid-phase microextraction; AD-H, Chiralpak AD-H column; Rs, Resolution; OD-H, Chiralcel OD-H column verse phase mode using methanol-water or acetonitrile-water as the mobile phase. Furthermore, some racemates that could not be separated in the normal phase could be adequately resolved in the reversed-phase mode. Additionally, the AD column efficiency did not deteriorate during 3 years of operation in the reversedphase mode (Ning, 1998) .
The present study is concerned with characterization of some chemical classes of monoterpenes with the three popular CSPs (AD-H, OD-H and CD-Ph) of HPLC analysis under the reverse phase mode. We would like to emphasize the versatile chiral HPLC analyses coupled with an on-line ORD detector for the enantioseparation.
Materials and Methods
Reagents Authentic enantiomeric monoterpenes were purchased from Fluka Chemika-BioChemika (Tokyo) in Japan and Aldrich Chemical Co., Inc. (Wisconsin) in the U.S.A. The racemic mixture of linalool was obtained from Wako Pure Chemical Industries, Ltd. (Osaka).
HPLC analysis The stock solutions (10,000 ppm) of the 9 monoterpene racemates were prepared in methanol. Five microliters of each solution was loaded into an HPLC system consisting of a Jasco solvent delivery pump (PU-980), a Jasco tunable absorbance detector (UV-975), a Rheodyne injector (model 7125) and a Shimadzu chromatopack (CR4-A) integrator. Detection was carried out at 220 nm. The elution order of (R) and (S) configuration of the 9 racemates was confirmed using an optical rotatory dispersion detector (Jasco OR-990, Jasco Inc., Tokyo). The columns used were CD-Ph {Heptakis (2,3,6-tri-O-phenyl carbamate)-␤-cyclodextrin, 25¥0.46 cm ID, Shiseido Ltd., Osaka}; Chiralpak AD-H {Amylose (tris 3,5-dimethylphenyl carbamate), 25¥0.46 cm ID, Daicel Inc., Osaka}, and Chiracel OD-H {Cellulose (tris 3,5-dimethylphenyl carbamate), 25¥0.46 cm ID, Daicel Ltd., Osaka}. To use the AD-H and OD-H columns in a reverse phase mode, each column was washed with anhydrous ethanol at 0.5 ml/min overnight (Ning, 1998) . Temperature was controlled at 40˚C. The mobile phases were prepared from distilled methanol and milliQ water (Barnstead Ltd., Iowa) and the MeOH content was varied from 70% to 40%. Flow rate of the mobile phase was set at 0.5 ml/min for AD-H and CD-Ph, whereas the flow rate for OD-H was controlled at 0.3 ml/min.
The chromatographic parameters of capacity factor (k), separation factor (␣) and resolution factor (Rs) were calculated on the basis of the fundamental theory of chromatography. SPME headspace analysis Solid-phase microextraction (SPME) fibers coated with 100 M polydimethylsiloxane (PDMS) were obtained from Supelco (Sigma-Aldrich Inc., Osaka). The target eluate (about 1 to 2 ml) from HPLC was transferred to a 15 ml screw-top vial. A polytetrafluoroethylene (PTFE)-coated silicone rubber septum (Supelco) under the screw cap (2 cm i.d.) could be penetrated with a SPME needle. The vial containing the sample was heated in a water-bath (55˚C) for 5 min and then the headspace gas was absorbed on the fiber for 5 min. Finally, the fiber was inserted into the injection port of a gas chromatography (5 min) for thermal desorption of each sample.
Gas chromatography GC analysis was carried out on a Hewlett Packard 6890 equipped with a flame ionization detector (FID) with a Shimadzu C-R7A Chromatopack integrator. The enantioseparations were carried out with two capillary chiral columns, ␤-DEX 225 (30 m¥0.25 mm i.d., Supelco Inc.) and ␤-CD-M-19 (50 m¥0.25 mm i.d., Chrompack Inc.). Gas chromatography-mass spectrometry (GC-MS) was conducted on a JEOL JMA-DA5000; EI mode, 70 ev. Analytical conditions of GC and GC-MS were as follows: detector and injector temperatures were kept at 230˚C; temperature program conditions are listed in Table 1 ; carrier gas was He and flowed at 1.0 ml/min with the splitless mode.
Results and Discussion
Chemical structures of the monoterpenes and the CSPs examined in this study are shown in Fig. 1 and Fig. 2 , respectively. The selected analytes were composed of 3 hydrocarbons, 3 alchohols, 2 aldehydes and 1 ketone. Typical examples of retention times of the racemates on chiral GC and HPLC columns are listed in Table 1 . Retention times of solutes are usually reported in the form of a capacity factor (k) because this factor is the normalized value of retention time of a solute. It is not affected by flow rate, column size or other parameters (Hancock & Sparrow 1984; Snyder 1992) . The chromatographic data (k, ␣ and Rs) and the elution order of the selected monoterpenes on AD-H, OD-H and CD-Ph column are listed in Tables 2 to 4, respectively. Regarding the different molecular sizes of backbone structure in this study, the CSPs can be classified into 2 groups: polysaccharide CSP (AD-H and OD-H) and cyclodextrin CSP (CD-Ph). Chiral separation of monoterpenes on polysaccharide CSP As shown in Table 2 , the decrease of methanol content in the mobile phase promoted the resolution factors of linalool, ␣-pinene and ␤-pinene, citronellol on AD-H. However, their retention times were late. The ␣ values of the resolved enantiomers were in the range of 1.05 to 1.79. The enantioseparation of citronellol (Rs=1.61) was achieved on AD-H. Furthermore, each configuration of linalool was completely resolved on AD-H with very high Rs value (5.52). It has been described that 93% chiral separation by chiral GC separation of the racemates was achieved with Rs Ն 0.9 (Monsandl, 1995) . Enantioseparation of other chiral monoterpenes, ␣-pinene, ␤-pinene and ␣-terpineol, was largely completed on the AD-H column, while partial resolutions were observed in carvone and perillaldehyde (RsХ0.6). However, limonene and citronellal could not be resolved on the AD-H column at all. According to the chromatographic results in Fig. 1 . Enantiomeric structures of the selected monoterpenes in this study. concentration of racemic mixture is reported in ppm. k 1 ,k 2 , capacity factor of first and second elution, respectively. ␣, separation factor. Rs, resolution factor. nd, no data. n, non separation. 11.79 n n n a concentration of racemic mixture is reported in ppm. k 1 ,k 2 , capacity factor of first and second elution, respectively. ␣, separation factor. Rs, resolution factor. nd, no data. n, non separation. Table 3 , OD-H showed very poor ability in chiral recognition. The OD-H column could resolve only ␣-terpineol, which could also be resolved on the AD-H column. The AD-H column has the same phenyl carbamate moiety as the OD-H column, but AD-H contains amylose instead of cellulose as the backbone. Okamoto and Kaida (1994) demonstrated the reverse of the elution order in many pairs of chiral compounds between AD-and OD-chiral HPLC columns, and they reported that the difference in the conformation and configuration of these two CSPs affected the enantiomeric recognition ability. However, the elution order of (R) and (S) configurations all racemates analyzed in the present study was not changed. AD-H exhibited a greater ability of resolution than OD-H; this might be explained by the steric structure of the amylose CSP, which is more helical and has well defined chiral cavities. The helix diameter is from 13.7 Å to 16.2 Å (Belitz & Grosch, 1986) . Cellulose CSP, in contrast, seems to be more linear (Wang & Chen, 1999; Aboul-Enein & Ali, 2002) . It has been proposed that the enantioseparation of amylose-and cellulose-CSPs occurred from the formation of solute-CSP complexes between the enantiomers and the chiral cavities in the CSP structures (Wang & Chen, 1999; Aboul-Enein et al., 2000) . It was further suggested that the complex formation between the chiral solutes and chiral selector was achieved through interaction such as hydrogen bonding, dipole-dipole and -interactions between the polar solutes and the polar phenyl carbamate groups (C=O and NH groups) on the CSPs (Wang & Chen 1999; Aboul-Enein et al., 2000) . Actually, the many oxygenated monoterpenes: linalool, citronellol, perillaldehyde and ␣-terpineol analyzed here could be resolved in the reverse-phase mode of HPLC analysis, while hydrocarbons, ␣-and ␤-pinene (RsХ1) were only resolved on AD-H. These chemicals did not contain any polar functional groups that could interact with the phenyl carbamate groups as mentioned before. The enantioseparation of ␣-and ␤-pinene might be due to the inclusion fitness and hydrophobic interaction between ␣-and ␤-pinene and the chiral cavity on AD-H. Molecular size of the monoterpenes analyzed here is around 6-8 Å. It was suggested that these molecules could be incorporated into the helical cavity of amylose-CSP with 1 or 2 molecules of phenyl carbamate moiety (Bergeron & Rowan, 1976; Tamura et al., 1997 ). Therefore, AD-H might resolve the various monoterpenoid racemates.
Enantioseparation of monoterpenes on ␤-cyclodextrin CSP The chiral recognitions with a CD-Ph column were observed in linalool and carvone. Complete enantioseparation (Rs=3.07) of carvone was achieved with this chiral column, while only partial resolution was observed in linalool (Rs=0.71). The ORD curves of carvone and linalool are shown in Fig. 3 . The optimal ratio of MetOH content as the mobile phase was 40%. The separation of the racemates may be due to the formation of the solute-CSP complex between the enantiomers and a chiral selector of phenyl carbamate ␤-cyclodextrin (Hargitai et al., 1993) . Consequently, the enantioseparation of carvone and linalool may occur primarily from the binding of the analytes and phenyl carbamate groups on the CSP of the CD-Ph column through interaction with their polar functional group (C=O and C-OH) .
Determination in the absolute configuration As (3S)-(+)-linalool was not commercially available, preparation of the pure enantiomeric isomer of (3S)-(+)-linalool was achieved with a chiral HPLC column (AD-H) connected with an ORD detector which differently adsorbed the right and left circularly polarized 17.57 n n a concentration of racemic mixture is reported in ppm. k 1 ,k 2 , capacity factor of first and second elution, respectively. ␣, separation factor. Rs, resolution factor. nd, no data. n, non separation. lights. According to k 1 values in Table 4 , the elution order of all the analytes was unchanged by the decrease of methanol in the phenyl carbamate ␤-cyclodextrin column. On the other hand, the elution order of some enantiomers was varied on the AD-H and OD-H columns under the reversed mode. In this experiment, the elution order and plane polarization of each enantiomer of ±lina-lool was unempirically determined by the ORD detector. In order to re-confirm the configuration of enantiomeric monoterpenes resolved on the chiral HPLC column, the eluate from the ORD detector was collected and then the volatile headspace of the collected eluate was re-chromatographed on a chiral GC capillary column using a solid-phase microextraction (SPME). The elution order by the preparative HPLC system, and retention time of the trapped compound on the chiral GC column were compared with the authentic chiral chemical as described in previous research (Padrayuttawat et al., 1997) . Moreover, 100% enantiomeric purity of (3S)-(+)-linalool was observed from the SPME-GCMS results. SPME-GCMS offered a simple procedure for identification of monoterpenes from a preparative HPLC that reduced the time-and solvent-consumption in the extraction step. As shown by the results in Table 5 , the maximum loading capacity of racemic linalool on a chiral GC capillary column (␤-CD-M19) was 50 ppm (Rs=1.45) while the enantioseparation of 25,000 ppm racemic linalool could be achieved on the AD-H column with high resolution (Rs=1.60) and 0.05 mg of (3S)-(+)-linalool (100% ee) could be isolated from the racemate in one injection. The detection limit of SPME-GC for collected monoterpenes resolved by HPLC was approximately 3000 ppm. So, rapid determination of absolute configuration of the two enantiomers could be performed by SPME-GCMS.
In this study, amylose phenyl carbamate derivative clearly showed the chiral recognition of the various chemical classes of monoterpenes in the HPLC enantioseparation among the three kinds of CSPs. The combination of AD-H and CD-Ph columns allowed resolution and direct determination of the configuration of various types of racemic monoterpenes by coupling with the ORD detector. High enantioseparation of odorous monoterpenes with the phenyl carbamate derivative CSPs may further the efficient development of HPLC applications in the preparative scale.
Regarding earlier research, (3S)-(+)-linalool was the most important compound for the characteristic aroma of Citrus sudachi, and the odor threshold of the (S)-linalool was lower than (R)-linalool in 8 folds (Padrayuttawat et al., 1997) . Use of a liquid chromatography may be an excellent way to the preparative scale of isolation of (3S)-(+)-linalool, because of the higher sample loading capacity (more than 500 times GC). The enantiomeric purification of (3S)-(+)-linalool from C. sudachi to construct an aroma model of sudachi essential oil is currently in progress. 
